Objectives: The present study assessed the potential cognitive-enhancing effects of citicoline, a dietary supplement, in healthy adult women. Specifically, it was hypothesized that citicoline supplementation would be associated with improved attention compared to placebo. Methods: The investigation was a double-blind, randomized, placebo-controlled three-arm study. Sixty healthy adult women ages 40 -60 completed a clinical screening visit, including a medical exam. After study enrollment each subject was randomly assigned to one of three groups: a daily oral dose of 250 mg citicoline, 500 mg citicoline, or placebo for 28 days. Participants were evaluated with the Continuous Performance Test II (CPT-II), a measure sensitive to attentional function, during a baseline visit and 28 days after baseline. Results: All 60 participants were included in the analyses, which included an ANOVA with Tukey's post-hoc tests and t-tests. After 28 days of supplementation, individuals in the 250 mg group made fewer omission (p = 0.04) and commission (p = 0.03) errors compared to those in the placebo group. Individuals in the 500 mg group made significantly fewer commission errors compared to those in the placebo group (p = 0.03) and trended toward making fewer omission errors (p = 0.07). Conclusion: After 28 days of daily citicoline supplementation, participants who were administered either the 250 mg or the 500 mg citicoline doses showed significantly better ability to produce correct responses on the CPT-II, likely due to improved cognitive inhibition. Our findings suggest that citicoline may improve attentional performance in middle-aged women and may ameliorate attentional deficits associated with central nervous system disorders.
Introduction
Citicoline is a natural product that is marketed as a nutritional supplement in the United States. Exogenous administration of citicoline (CDP-choline; cytidine 5'-diphosphocholine) has been shown to influence brain cellular metabolism and citicoline has demonstrated a variety of cognitive-enhancing and neuroprotective properties in pre-clinical and clinical studies [1] [2] [3] . A compound composed of choline and cytidine, citicoline is instrumental in the synthesis of cell membrane phospholipids that aid in neuronal membrane repair [3, 4] , and provides a choline source needed for acetylcholine (ACh) and phosphatidylcholine synthesis [3, 5] .
Pharmacokinetic studies on the absorption of citicoline through the oral route have shown that the drug is rapidly absorbed with less than one percent excreted in the feces. Citicoline is metabolized during intestinal absorption yielding choline and uridine [6] . After metabolism, citicoline is distributed throughout the body by way of systemic circulation in the form of choline and uridine for utilization in many biosynthetic pathways. After crossing the blood-brain barrier, uridine is synthesized into uridine 5'-triphosphate, which can be further metabolized to cytidine triphosphate and CDP-choline [6] .
Previous studies on supplementation with citicoline have shown an increase in choline-containing compounds associated with improved bioenergetics. Specifically, Babb and colleagues applied proton magnetic resonance spectroscopy (MRS) to measure in-vivo brain chemistry and found that a single oral dose of CDP-choline resulted in increased plasma choline in older (mean age 59 years) and younger (mean age 25) participants three hours after supplementation [7] . These investigators subsequently [8] applied phosphorous MRS to measure changes in brain chemistry in healthy older adults following 6 weeks of 500 mg citicoline supplementation. The study findings showed an increase in brain phosphodiesters that correlated with memory improvement as measured by the California Verbal Learning Test [8] . To further examine the potential effects of citicoline supplementation on brain metabolism, Silveri and colleagues used phosphorrus MRS [9] to measure brain metabolites in healthy adults 40 -60 years old who received citicoline supplementation for six weeks at doses of either 500 or 2000 mg/day. Increased phosphocreatine levels were observed in the anterior cingulate, suggesting improved bioenergetics and enhanced phospholipid membrane maintenance in the frontal lobe. Animal study results have complemented these data on human brain changes by indicating a potential role of citicoline in the moderation of neurotransmitters. In a study involving exogenous citicoline administration to rats for 28 days, supplementation increased dopamine release in the striatum [10] .
A number of investigations have focused on the therapeutic effects of citicoline in patients who have suffered from stroke or a traumatic brain injury. Patients with neurocognitive decline following an initial stroke have shown improvement in both attention and executive functioning after six months of 1000 mg/day citicoline treatment [4, 11, 12] . In addition, Agnoli and colleagues [12] showed that citicoline supplementation in an elderly sample of individuals with mild to moderate memory deficits resulted in significantly improved memory and attention. They found that individuals who took 1000 mg of citicoline for six weeks showed improved acquisition efficiency and global memory efficiency, as measured by the Randt Memory Test, compared to individuals who took the placebo. The authors interpreted these findings as indicative of memory processing and attentional improvement associated with dopaminergic stimulation from citicoline consumption [12] .
While previous studies of citicoline have focused on study populations with neurological conditions or significant cognitive deficits, there is a paucity of data on the effects of citicoline in normal aging. Aging in the absence of acute or chronic medical conditions has been associated with decreased attentional capacity and increased distractibility [13, 14] . Research examining brain structure and function as well as cognitive performance has shown a number of changes in healthy aging adults. For example, Madden and colleagues [15] found that older and younger adults showed similar prefrontal activation during a visual target response task; however, older adults also showed increased deep gray matter activation. Regression analyses suggested that younger adults' performance on the visual target response task was mediated by the prefrontal cortex, whereas deep gray matter structures were more involved in older adults' task performance. In addition, older adults showed slower response times compared to the younger adults. Vaidya and colleagues [16] applied brain imaging methods and showed smaller rostral ACC gray matter volume and decreased blood flow in dorsal and rostral ACC regions associated with age. These findings are consitent with other neuroimaging studies that have reported reduced brain activity and decreased cerebral glucose metabolism, as well as reduced performance on response inhibition tasks with age [17] [18] [19] [20] . The brain changes observed during aging in healthy adults suggest a potential role for citicoline supplementation.
The current study is a double-blind, placebo-controlled, three-arm study designed to evaluate the effect of two doses of citicoline on attention after four weeks of supplementation. Attentional performance measures in healthy, aging adult women were monitored in a trial involving two different doses of oral citicoline (250 mg/day and 500 mg/day) or a placebo. The study population was limited to women to decrease heterogeneity given hormonal changes that males and females experience between 40 and 60 years old. It was hypothesized that the women who received citicoline would demonstrate improved attentional performance on a computerized attention task compared to the women who received the placebo.
Subjects and Methods

Subjects
Sixty healthy female adults ranging from 40 to 60 years of age (M = 47.38, SD = 5.48) were recruited from Salt Lake City, UT ( Table 1) . The participants were screened prior to enrollment to ensure that they met the inclusion criteria for the study. Potential participants were enrolled if they had no significant medical conditions, no history of psychiatric disorders, no current Axis I or II diagnosis, and no history of previous participation in a pharmacotherapeutic trial. The study was conducted under the guidelines of the University of Utah Institutional Review Board. All participants provided written informed consent per the IRB and Declaration of Helsinki, and participants were compensated financially for their time.
Study Design
All participants who were screened positive for study Following the completion of this first visit, subjects were randomly assigned to a dosing group of 250 mg, 500 mg, or placebo and given their 28-day supply of oral citicoline (Cognizin ® Kyowa Hakko Kogyo Co., Ltd., Japan) or placebo. Both participants and researchers remained blind to the treatment condition for the duration of data collection. Participants were instructed to take one capsule per day every day for the next 28 days. Participants returned on day 28 to repeat assessment measures, including the CPT-II and the medical exam.
The CPT-II is a test of sustained attention that has been adapted for computerized administration. It has been shown to be a reliable measure for sustained and selective attention [21, 22] . The CPT-II was completed on an IBM-compatible laptop computer. The task begins with a short practice exercise then proceeds into the full test, which lasts for 14 minutes. For both the practice test and the full test, participants are instructed to press the spacebar as quickly and as accurately as possible when any letter other than X appears on the screen. Letters appear on the computer screen 1 letter at a time for 250 milliseconds. Inter-stimulus intervals between letter displays vary between 1, 2, and 4 seconds. Measures that are provided by the CPT-II assessment include omission and commission errors. Omission errors occur when the participant does not respond when they should respond (i.e., not pressing the spacebar when a letter other than X appears), and commission errors occur when the participant fails to inhibit a response (i.e., pressing the spacebar when the letter X appears). Computerized scoring is completed automatically after the administration of the CPT-II [23] . The CPT-II was administered at baseline and at day 28, which was the last day of oral supplementation.
Results
Sixty healthy adult women participated in the study. Three additional women enrolled in the study but were discontinued due to study-unrelated events. The sixty women were divided into three groups of 20. One group took the low dose of citicoline (250 mg), one group took the high dose of citicoline (500 mg), and one group took a placebo for 28 days.
Between-group analyses prior to supplementation showed no group difference on estimated intelligence as measured by WAIS-IV Vocabulary (p = 0.35). Mean Additionally, analyses of CPT-II response results from baseline and day 28 were performed with SPSS (PASW Statistics 18.0). All p-values are reported as one-tailed because a priori hypotheses specified improvement on CPT-II scores after supplementation. Additionally, one woman in the 500 mg group was excluded from CPT-II analyses due to the fact that her attention performance score at visit 3 was a clear outlier (49 standard deviations above the group mean).
Comparisons between Groups for Day 28 Scores
An ANOVA and t-tests were completed to assess between group differences at visit 3. Analysis of attentional performance at visit 3 that included all three groups showed overall significant between group differences on commission (p = 0.02) and omission errors (p = 0.03). Tukey's post-hoc tests showed that individuals in the 250 mg group performed fewer omission (p = 0.04) and commission (p = 0.03) errors compared to those in the placebo group. Individuals in the 500 mg group also made significantly fewer commission errors compared to those in the placebo group (p = 0.03) and trended toward significance making fewer omission errors (p = 0.07) (Tables 2 and 3) .
T-tests were also completed to compare the 250 mg group to the placebo group and the 500 mg group to the placebo group individually. Similar to the results of the ANOVA, individuals in the 250 mg group made fewer omission (p = 0.04) and commission (p = 0.02) errors compared to those in the placebo group. Individuals in the 500 mg group made fewer commission errors compared to those in the placebo group (p = 0.02) and trended toward making fewer omission errors (p = 0.06).
Discussion
Our study findings indicate that citicoline supplementation was associated with improved attentional focus and inhibition, as measured by the CPT-II, in a group of healthy female adult volunteers. Participants in the three groups showed no differences in age, years of education, height, weight, or estimated levels of global cognitive functioning at baseline. After 28 days both supplementation groups (250 mg and 500 mg) evidenced improved inhibition. Additionally, the 250 mg group evidenced improved attentional focus at time 3, while the 500 mg group trended toward showing improved focus. These results indicate that citicoline enhanced two aspects of attention-attentional focus and inhibition in healthy women ages 40 -60. Prior research has shown that citicoline administration improves attention in a variety of patient populations, including individuals with neurocognitive degeneration after a stroke [4, 11] and elderly participants [12] . However, the population of the current study differs from previous studies, as the current study included only healthy middle-aged women rather than clinical patient populations. Whereas prior researchers have focused on populations with deficits in cognitive performance, including impaired memory or attention, the current study examined women with estimated intelligence and verbal memory within the average range. Findings from this study extend previous research by showing that citicoline administration improves attention not only in clinical populations but also in healthy female adults. Additionally, previous studies have focused on higher doses of citicoline, generally between 1000 and 2000 mg. However, the current study shows improved attention in healthy women between the ages of 40 and 60 who received significantly smaller amounts of citicoline, specifically 250 and 500 mg. In addition to extending findings from patient populations to healthy aging women using smaller doses of citicoline, the current study also provides behavioral support for prior studies suggesting improved bioenergetics in the frontal lobe [9] , where much of attentional focus is believed to occur.
One mechanism underlying the observed improvement in performance in the current study is likely related to dopamine transmission. As individuals age, dopaminergic transmission and the availability of dopamine receptors decrease, contributing to decreased performance on attention and executive function measures that occurs as individuals age [24, 25] . Conversely, dopaminergic uptake has been associated with improved performance on working memory and executive function tasks requiring attention [25, 26] . Previous investigations have shown that citicoline increases dopamine [10, 27] , increases dopamine receptor densities [28] , and aids in protection of neurons related to dopamine [29] . While dopamine was not measured in the current study, it seems likely that dopamine increases identified with citicoline supplementation may explain the improved performance on attention tasks shown in the present study.
Given the evidence for improved attention with citicoline supplementation provided by the current study, this study could be extended in multiple ways. The current study includes women between the ages of 40 and 60, which limits generalizability to a broader population. It is possible that the effects of citicoline supplementation may be different for men given biological differences, especially considering hormonal changes occurring in middle age. However, the effects of citicoline supplementation at lower doses (e.g. 250 and 500 mg) with healthy men could be examined in future studies. Future research examining the effects of citicoline on a more diverse sample is warranted as well, given the fact that the current sample consisted primarily of Caucasian individuals. Because the participants in this study were healthy, it is unclear to what extent the results of the current study may be used to inform the effects of citicoline supplementation with more ill populations, including individuals with brain injury or psychiatric disorders. Given the significant role of dopamine in a number of psychiatric disorders, and research suggesting that citicoline affects dopaminergic systems, additional research focused on citicoline supplementation with psychiatric populations is warranted.
To our knowledge, the current study is the first to examine the effects of low doses of citicoline on cognitive performance in healthy female adults. Women who received citicoline showed improved attentional performance after 28 days of supplementation. Results of the current study are consistent with prior studies showing improved cognitive performance after citicoline supplementation in individuals with cognitive deficits. Practical applications of this research include the possible use of citicoline supplementation to ameliorate cognitive deficits associated with healthy aging, but also to ameliorate cognitive deficits associated with psychiatric disorders.
